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Abstract

:

A library of seven novel 1,3-benzothiazole-substituted BODIPY derivatives with tunable optical properties was synthesized. The new fluorescent dyes exhibited bathochromically shifted absorptions (up to 670 nm) and emissions centered in the red and near-infrared spectral region (up to 677 nm) in comparison to the parent compound 8-phenyl BODIPY (λabs: 499 nm, λemi: 508 nm). (TD)DFT calculations were performed to rationalize the spectroscopic properties of the new dyes. The cellular biodistribution of the new BODIPY dyes, their fluorescence stability and toxicity were investigated in both living and fixed fibroblasts using time-lapse fluorescent imaging and confocal microscopy. Six of the seven new dyes were photostable and non-toxic in vitro at 10 μM concentration. In addition, they efficiently stained the cell membrane, showing diffuse and dotty localization within the cell at low concentrations (1.0 and 0.1 μM). Specifically, dye TC498 was localized in vesicular structures in both live and fixed cells and could be used as a suitable marker in co-staining studies with other commonly used fluorescent probes.
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1. Introduction


Borondipyrromethenes (BODIPYs) constitute a privileged class of organic fluorophores with applications in various biomedical fields [1,2,3]. They are used for fluorescence sensing [4,5] and fluorescence imaging [6,7,8,9], as photosensitizers in photodynamic [10,11,12,13,14] and photothermal therapy [15], and more recently, they have been explored in photoacoustic imaging [16,17,18]. BODIPYs are functional dyes exhibiting strong absorption and narrow emission peaks between the visible and the near-infrared region, Ref. [19] moderate Stokes shifts, high fluorescence quantum efficiency [20,21,22] and insensitivity to polarity and pH [23,24]. In general, they are chemically stable, have the ability to cross the cell membrane since they are not charged, and easily accumulate in subcellular organelles due to their comparatively high hydrophobicity [25,26,27]. However, fine-tuning of lipophilicity is required depending on the specific biolabeling application [28]. BODIPY dyes tend to aggregate in aqueous solutions and have a tendency to concentrate in lipophilic compartments in cells, which may result in non-specific staining of cell membranes and other organelles [29,30]. Hence, to increase hydrophilicity and reduce non-specific fluorescence, the BODIPY scaffold has been decorated with a variety of polar groups [31,32,33].



It is well known that the emissive behavior of BODIPY fluorophores is greatly influenced by the steric and electronic effects of their substituents [34]. The free rotation or rigidity of the various structural components, as well as their electron-donating or withdrawing properties, greatly influence the brightness, the absorptive and the emissive properties of BODIPY dyes [35]. The BODIPY scaffold can be functionalized through simple chemical modifications at the meso-, α-, β- positions and at the B(III) center by introducing various substituents, thus rigidifying the structure and fine-tuning the optical properties and biocompatibility of the final dyes (Figure 1) [36].



Despite the synthesis of various BODIPY derivatives [8,35,36,37] that address specific bioimaging requirements [2], a number of drawbacks characteristic of these dyes have not been resolved satisfactorily to date. In particular, the majority of BODIPYs emit at wavelengths lower than 600 nm, interfere with other commonly used fluorescent dyes and cause autofluorescence background and light-scattering. Additionally, their highly conjugated structure makes them extremely lipophilic, which favors aggregation, thus impeding membrane permeability [29]. Therefore, there is a continuous need for custom-made dyes with fine-tuned properties that meet specific demands for bioimaging applications in vitro and in vivo.



1,3-benzothiazole (BZT) is a biologically important heterocycle with metabolic stability, decreased cytotoxicity and excellent cell permeability and is encountered in various bioactive compounds [38]. Furthermore, BZT has been used as a substitute in various fluorescent dyes [39], including cyanine dyes [40], pyronin dyes [41] and hetarylazopyrazolone dyes [42]. Benzothiazole-based fluorescent probes have several advantages, including high quantum yields, large Stoke shifts and high molar extinction coefficients, and have been investigated in the diagnosis of a number of disorders using imaging modalities [43]. The most widely used among the benzothiazole-based fluorophores are the 2-(2-hydroxyphenyl) benzothiazole (HBT) and thiazole orange (TO) (Figure 2).



Regardless of the broad applicability of the BZT moiety in the development of new fluorescent dyes, this heterocycle has been scarcely explored in conjunction with the BODIPY core. Recently, Shi et al. reported the synthesis of a meso-BZT-substituted BODIPY-based aggregation-induced emission (AIE) fluorescent rotor that was used in monitoring autophagy and imaging lysosomal viscosity [44] (Figure 3). Furthermore, Poronik et al. prepared three bis(1,3-benzothiazolyl)-substituted BODIPY dyes that possessed emission wavelengths ~640 nm, moderate molar extinction coefficients and intense fluorescence [45] (Figure 3). Finally, Sansalone et al. sought to investigate the conformational isomers with antiperiplanar and periplanar arrangements of BODIPY chromophores connected to a benzoxazole, benzothiazole or nitrobenzothiazole through an olefinic bridge with trans configuration [46] (Figure 3).



In the context of our studies on the synthesis of new fluorophores [47], recognizing the need for improved BODIPY derivatives for biomedical applications and intrigued by the interesting properties endowed in fluorescent probes by the BZT moiety, we set out to perform a more detailed study on BZT-substituted BODIPYs. Thus, a library of six BZT-substituted BODIPYs was prepared through modifications of 8-phenyl BODIPY at C3, C5 and C6 (TC495-TC498, TC500 and TC514). In addition, the congener of TC514, dye TC516, in which the phenyl group at the meso position was replaced by the BZT moiety, was synthesized (Figure 4). The photophysical characterization of the new dyes was supplemented by (TD)DFT calculations to rationalize their optical properties. Moreover, the cellular localization of the new dyes, their fluorescence stability, spectral properties and toxicity were studied in both living and fixed fibroblasts using time-lapse fluorescent imaging and confocal microscopy.




2. Materials and Methods


2.1. General Information for Synthesis


All reactions were carried out under scrupulously dry conditions. THF was distilled over sodium in the presence of benzophenone, and DCM was distilled over calcium hydride. NMR spectra were recorded on Varian spectrometers (Varian, Palo Alto, CA, USA). 1H NMR spectra were recorded at 600 or 300 MHz, 13C NMR spectra at 150.9 or 75.5 MHz, and were internally referenced to residual solvent signals. Data for 1H NMR are reported as follows: chemical shift (δ ppm), multiplicity (s = singlet, bs = broad singlet, d = doublet, t = triplet, m = multiplet), coupling constant, and integration. Data for 13C NMR are reported in terms of chemical shift (δ ppm). High-resolution mass spectra were recorded on a UHPLC LC-MSn Orbitrap Velos-Thermo instrument (Thermo Scientific Waltham, MA, USA). Thin-layer chromatography (TLC) was carried out on pre-coated silica gel (0.2 mm, 60 F254) glass plates (Merck KGaA, Darmstadt, Germany). Chromatographic purification was performed by flash column chromatography (FCC) using silica gel (200–400 mesh) (Merck KGaA, Darmstadt, Germany). Steady-state UV-Vis electronic absorption spectra were recorded on a Lambda 19 UV-Vis-NIR spectrophotometer (Perkin Elmer, Beaconsfield, UK). Steady-state emission spectra were recorded on a GL3-21 spectrofluorometer (Horiba Fluorolog-3 JobinYvon-Spex, Oberursel, Germany). Pico-second time-resolved fluorescence spectra were measured by the time-correlated-single-photon-counting (TCSPC) method on a Nano-Log spectrofluorometer (Horiba JobinYvon , Oberursel, Germany) by using a laser diode as an excitation source (NanoLED, 654 and 784 nm) and a UV-Vis detector TBX-PMT series (250–850 nm) (Horiba JobinYvon, Oberursel, Germany). Lifetimes were evaluated with the DAS6 Fluorescence-Decay Analysis Software. Melting points were obtained with an ET0001 Electrothermal Digital Melting Point Apparatus, (Cole-Parlmer, Vernon Hills, IL, USA), and are uncorrected.




2.2. Synthetic Procedures


2.2.1. Synthesis of 8-Phenyl-BODIPY (1)


8-phenyl-BODIPY (1) was prepared as described in the literature [48]. Briefly, to a solution of benzaldehyde (0.25 mL, 2.5 mmol) and 2,4-dimethyl-1H-pyrrole (0.65 mL, 6.25 mmol) in dry dichloromethane (DCM) (75 mL), trifluoroacetic acid (TFA) (25 μL, 0.33 mmol) was added dropwise, and the mixture was stirred for 3 h. The reaction mixture was cooled at 0 °C and a solution of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (567 mg, 2.5 mmol) in dry DCM (45 mL) was added over 1 h. Subsequently, Et3N (5 mL, 36 mmol) was added, followed by the addition of BF3.Et2O (5 mL, 40 mmol) at room temperature (RT). After stirring for 20 min, the reaction was quenched with H2O. The two layers were separated, and the organic layer was washed with H2O (3 × 100 mL), dried over anhydrous Na2SO4 and concentrated under reduced pressure. The brown oily residue was purified by FCC (elution system: petroleum ether (PE) 40–60 °C/ethyl acetate (EtOAc) 98:2) to afford 8-phenyl-BODIPY (1) as a red-yellowish solid (397 mg, 49% yield). Rf: 0.33 (PE 40–60 °C/EtOAc 97:3); 1H NMR (600 MHz, CDCl3): δ 7.47–7.50 (m, 3H), 7.27–7.29 (m, 2H), 5.98 (s, 2H), 2.56 (s, 6H), 1.37 (s, 6H).




2.2.2. Synthesis of 3-(8-Phenyl-BODIPY)-Carbaldehyde (2)


To a degassed solution of 8-phenyl-BODIPY (1) (110 mg, 0.34 mmol) in EtOAc (15 mL), pyridinium chlorochromate (PCC) (438.8 mg, 2.03 mmol) was added and the reaction mixture was stirred at RT for 12 h. Upon completion of the reaction, the mixture was filtered through a silica gel pad using EtOAc (60 mL) as eluent. The filtrate was evaporated under reduced pressure, and the residue was purified by FCC (elution system: PE 40–60 °C/EtOAc 9:1) to afford aldehyde 2 as a yellow solid (77 mg, 67% yield). Rf: 0.65 (PE 40–60 °C/EtOAc 7:3); m.p. 214–216 °C; 1H NMR (600 MHz, CDCl3): δ 10.28 (s, 1H, CHO), 7.56–7.53 (m, 3H), 7.32–7.30 (m, 2H), 6.78 (s, 1H), 6.23 (s, 1H), 2.67 (s, 3H), 1.47 (s, 3H), 1.40 (s, 3H); 13C NMR (600 MHz, CDCl3): δ 184.6, 166.2, 149.9, 144.1, 138.0, 134.0, 129.8, 129.7, 127.8, 127.6, 125.3, 120.2, 119.9, 15.8, 15.1, 14.2; HRMS (ESI+) Found: [M+H]+ 339.1478; molecular formula C19H18ON2BF2 requires [M+H]+ 339.1475.




2.2.3. Synthesis of 3-(Benzo[d]Thiazol-2-yl)-8-Phenyl-BODIPY (TC497)


To a solution of 2 (20 mg, 0.06 mmol) in anhydrous dimethylformamide (DMF) (0.97 mL), 1,2-aminothiophenol (9 μL, 0.09 mmol) and p-toluenesulfonic acid (TsOH) (2 mg, 0.012 mmol) were added and the reaction mixture was stirred at 72 °C for 12 h. Upon completion of the reaction, DCM and water were added to the reaction mixture, and the organic phase was separated and washed with brine (3 × 30 mL), dried over anhydrous Na2SO4 and concentrated on a rotary evaporator. The residue was purified by FCC (elution system: PE 40–60 °C/EtOAc 9:1 to 8:2) to obtain dye TC497 as a pink-orange solid (13 mg, 52% yield). Rf: 0.68 (PE 40–60 °C/EtOAc 7:3); m.p. 198–200 °C; 1H NMR (600 MHz, CDCl3): δ 8.12 (d, J = 8.2 Hz, 1H), 7.93 (d, J = 8.0 Hz, 1H), 7.52–7.54 (m, 3H), 7.50 (t, J = 7.7 Hz, 1H), 7.40 (t, J = 7.6 Hz, 1H), 7.32–7.37 (m, 2H), 7.12 (s, 1H), 6.14 (s, 1H), 2.67 (s, 3H), 1.46 (s, 3H), 1.45 (s, 3H); 13C NMR (150 MHz, CDCl3): δ 161.5, 158.8, 153.0, 147.0, 144.4, 143.1, 140.3, 139.4, 137.1, 137.0, 134.7, 134.0, 133.4, 129.5, 128.0, 126.4, 125.7, 123.9, 123.5, 123.4, 121.6, 114.2, 15.4, 14.8, 14.5; HRMS (APCI+) Found: [M+H]+ 444.1515; molecular formula C25H21BF2N3S requires [M+H]+ 444.1512.




2.2.4. Synthesis of 3-(Benzo[d]Thiazol-2-yl)-6-Iodo-8-Phenyl-BODIPY (3)


To a solution of dye TC497 (108 mg, 0.24 mmol) in DMF/methanol (MeOH) (1:1) (4.2 mL), a solution of iodine monochloride (124.7 mg, 0.77 mmol) in MeOH (2.5 mL) was added in 3 portions over 45 min. Upon completion of the reaction (monitored by TLC), DCM and water were added to the reaction mixture, and the organic phase was separated, washed with brine (2 × 50 mL), dried over anhydrous Na2SO4 and concentrated under reduced pressure. The residue was purified by FCC (elution system: DCM/PE 40–60 °C 4:6) to obtain compound 3 as an orange solid (98.3 mg, 72% yield). Rf: 0.93 (PE 40–60 °C/EtOAc 7:3); m.p. 134–136 °C; 1H NMR (600 MHz, CDCl3): δ 8.11 (d, J = 8.2 Hz, 1H), 7.95 (d, J = 8.0 Hz, 1H), 7.54–7.55 (m, 3H), 7.52–7.47 (m, 1H), 7.42 (t, J = 7.6 Hz, 1H), 7.33–7.32 (m, 2H), 7.13 (s, 1H), 2.75 (s, 3H), 1.46 (s, 3H), 1.45 (s, 3H); 13C NMR (75 MHz, CDCl3): δ 160.2, 153.2, 147.3, 146.2, 143.1, 142.3, 137.3, 134.6, 133.6, 129.8, 129.7 (2C), 127.9 (2C), 126.5, 125.9, 124.1, 123.7, 121.7, 119.3, 114.2, 87.9, 17.3, 16.6, 14.8; HRMS (APCI+) Found: [M+H]+ 570.0482; molecular formula C25H20BF2IN3S requires [M+H]+ 570.0478.




2.2.5. General Procedure for the Suzuki Cross-Coupling Reaction towards Dyes TC495, TC496 and TC498


To a solution of iodide 3 (1 eq) and the appropriate boronic acid (2 eq) in a mixture of toluene/ethanol/water 2:2:1 (0.01 M), K2CO3 (3 eq) was added, and the mixture was degassed and backfilled with argon. Pd(PPh3)4 (0.1 eq) was then added, and the mixture was degassed once again, backfilled with argon and refluxed upon completion of the reaction (~3 h). The reaction was then cooled to RT, H2O was added, and the mixture was extracted with EtOAc. The combined organic layers were dried over anhydrous Na2SO4 and evaporated under reduced pressure. The residue was purified by FCC to afford the desired product.




2.2.6. Synthesis of 3-[(Benzo[d]Thiazol-2-yl)]-6-(2-Hydroxyphenyl)-8-Phenyl-BODIPY (TC495)


The title compound was obtained following the general procedure above for the Suzuki cross-coupling reaction using compound 3 (20 mg, 0.035 mmol) and 3-hydroxyphenyl boronic acid (9.7 mg, 0.07 mmol) after purification by FCC (elution system: DCM/MeOH 95:5) as a dark-purple solid (13.3 mg, 71% yield). Rf: 0.16 (DCM/MeOH 99:1); m.p. 305–307 °C (decomp.); 1H NMR (600 MHz, CDCl3): δ 8.21 (d, J = 8.1 Hz, 1H), 7.93 (d, J = 8.1 Hz, 1H), 7.56–7.52 (m, 4H), 7.43 (t, J = 7.5 Hz, 1H), 7.37–7.36 (m, 2H), 7.31 (bs, 1H), 7.28–7.25 (m, 1H), 6.82 (dd, J = 8.2, 1.8 Hz, 1H), 6.70 (d, J = 7.6 Hz, 1H), 6.63 (bs, 1H), 2.60 (s, 3H), 1.46 (s, 3H), 1.34 (s, 3H); 13C NMR (150 MHz, CDCl3): δ 161.6, 159.3, 155.9, 150.8, 143.2, 143.1, 140.0, 136.4, 136.0, 134.6, 134.1, 134.0, 129.9, 129.7, 129.65 (2C), 128.0 (2C), 127.0, 126.1, 124.2, 122.8, 122.5, 121.7, 116.9, 115.0, 14.6, 14.3, 13.2; HRMS (APCI+) Found: [M+H]+ 536.1769; molecular formula C31H25ON3BF2S requires [M+H]+ 536.1774.




2.2.7. Synthesis 3-[(Benzo[d]Thiazol-2-yl)]-6-(4-Methoxyphenyl)-8-Phenyl-BODIPY (TC496)


The title compound was obtained following the general procedure above for the Suzuki cross-coupling reaction using compound 3 (15.8 mg, 0.03 mmol) and 4-methoxyphenyl boronic acid (9.1 mg, 0.06 mmol) after purification by FCC (elution system: hexane/DCM 1:1) as a pink-purple solid (8.6 mg, 52% yield). Rf: 0.30 (DCM/PE 40–60 °C 6:4); m.p. 280–282 °C, 1H NMR (600 MHz, CDCl3): δ 8.13 (d, J = 8.4 Hz, 1H), 7.93 (d, J = 8.0 Hz, 1H), 7.56–7.49 (m, 4H), 7.40 (t, J = 7.6 Hz, 1H), 7.37 (d, J = 7.5 Hz, 2H), 7.14 (bs, 1H), 7.08 (d, J = 8.6 Hz, 2H), 6.94 (d, J = 8.6 Hz, 2H), 3.83 (s, 3H), 2.61 (s, 3H), 1.46 (s, 3H), 1.35 (s, 3H); 13C NMR (75 MHz, CDCl3): δ 161.0, 159.2, 158.9, 153.9, 153.0, 149.7, 144.2, 142.9, 142.4, 140.0, 136.1, 134.9, 133.6, 131.2 (2C), 129.6 (2C), 128.1 (2C), 126.4, 125.6, 124.9, 123.5, 121.6, 116.2, 114.9, 114.1 (2C), 55.4, 14.6, 14.3, 13.2; HRMS (APCI+) Found: [M+H]+ 550.1941; molecular formula C32H27BF2N3OS requires [M+H]+ 550.1930.




2.2.8. Synthesis 3-[(Benzo[d]Thiazol-2-yl)]-6-(3-Trifluoromethylphenyl)-8-Phenyl-BODIPY (TC498)


The title compound was obtained following the general procedure above for the Suzuki cross-coupling reaction using compound 3 (20 mg, 0.035 mmol) and 3-trifluoromethylphenyl boronic acid (13.3 mg, 0.07 mmol) after purification by FCC (elution system: PE 40–60 °C/DCM 6:4) as a dark pink solid (18.9 mg, 92% yield). Rf: 0.34 PE 40–60 °C/DCM 1:1; m.p. 214–216 °C, 1H NMR (600 MHz, CDCl3): δ 8.13 (d, J = 8.2 Hz, 1H), 7.95 (d, J = 8.0 Hz, 1H), 7.61 (d, J = 7.8 Hz, 1H), 7.50–7.58 (m, 5H), 7.36–7.43 (m, 5H), 7.16 (s, 1H), 2.61 (s, 3H), 1.49 (s, 3H), 1.35 (s, 3H); 13C NMR (75 MHz, CDCl3): δ 158.9, 158.5, 153.0, 145.6, 143.9, 142.3, 141.3, 137.1, 134.7, 134.3, 133.9, 133.5, 133.0, 131.2 (q, JCF = 32.4 Hz), 129.6, 129.5 (2C), 129.2, 127.9 (2C), 127.5 (q, JCF = 269 Hz), 126.9 (q, JCF = 3.7 Hz), 126.5, 124.6 (q, JCF = 3.7 Hz), 123.9, 123.6, 121.5, 118.5, 114.3, 14.7, 14.0, 13.1; HRMS (APCI+) Found: [M+H]+ 588.1707; molecular formula C32H24BF5N3S requires [M+H]+ 588.1699.




2.2.9. Synthesis of 3,5-bis[(E)2-(Benzo[d]Thiazol-2-yl)Vinyl]-8-Phenyl-BODIPY (TC500)


To a solution of 8-phenyl-BODIPY (1) (30 mg, 0.09 mmol) in anhydrous DMF (0.6 mL), benzothiazole-2-carboxaldehyde (58.8 mg, 0.36 mmol), piperidine (3 drops) and acetic acid (3 drops) were added. The reaction mixture was stirred at 80 °C for 12 h. Upon completion of the reaction (monitored by TLC), the solvent was evaporated under reduced pressure, and the residue was purified by FCC (elution solvent: DCM) to afford TC500 as a blue solid (6 mg, 10% yield). Rf: 0.22 (PE 40–60 °C/EtOAc 8:2); m.p. 248–250 °C; 1H NMR (600 MHz, CDCl3): δ 8.05 (d, J = 7.4 Hz, 2H), 8.03 (d, J = 16.0 Hz, 2H), 7.92 (d, J = 7.8 Hz, 2H), 7.58 (d, J = 16.0 Hz, 2H), 7.57–7.53 (m, 3H), 7.51 (t, J = 7.4 Hz, 2H), 7.43 (t, J = 7.4 Hz, 2H), 7.36–7.34 (m, 2H), 6.72 (bs, 2H), 1.49 (s, 6H); 13C NMR (75 MHz, CDCl3): δ 166.4, 154.0, 153.9, 151.3, 143.7, 141.5, 135.2, 134.5, 129.6, 129.5, 129.2, 128.1, 127.3, 126.7, 126.2, 123.5, 121.8, 119.4, 14.9; HRMS (APCI+) Found: [M+H]+ 615.1647; molecular formula C35H26BF2N4S requires [M+H]+ 615.1655; Found: [M+Na]+ 637.1470; molecular formula C35H25BF2N4NaS2 requires [M+Na]+ 637.1474.




2.2.10. Synthesis of 3-[(Benzo[d]Thiazol-2-yl)]-(E)-5-4-Iodostyryl)-8-Phenyl-BODIPY (4)


To a solution of dye TC497 (79 mg, 0.18 mmol) in dry DMF (3.4 mL), 4-iodobenzaldehyde (82.7 mg, 0.36 mmol), piperidine (6 drops) and acetic acid (AcOH) (6 drops) were sequentially added. After 1 h, the reaction was complete (monitored by TLC), and the solvent was evaporated under reduced pressure. The residue was purified by FCC (elution system: PE 40–60 °C/EtOAc 9:1) to afford compound 4 as a purple solid (68.6 mg, 58% yield). Rf: 0.62 (PE 40–60 °C/EtOAc 8:2); m.p. 115–117 °C; 1H NMR (600 MHz, CDCl3): δ 8.12 (d, J = 8.4 Hz, 1H), 7.98 (d, J = 8.0 Hz, 1H), 7.78 (d, J = 16.2 Hz, 1H), 7.74 (d, J = 8.3 Hz, 2H), 7.57–7.50 (m, 4H), 7.44–7.41 (m, 1H), 7.37–7.35 (m, 2H), 7.27 (d, J = 16.2 Hz, 1H), 7.13 (d, J = 8.3 Hz, 2H), 7.12 (s, 1H), 6.72 (s, 1H), 1.49 (s, 3H), 1.48 (s, 3H); 13C NMR (75 MHz, CDCl3): δ 156.3, 153.2, 145.6, 144.9, 141.8, 140.5, 138.2, 138.0, 137.7 (2C), 135.6, 135.1, 134.7, 133.9, 131.1, 129.5 (2C), 129.0, 128.7, 128.2 (2C), 126.4, 125.7, 123.6, 123.4, 121.6, 119.6, 119.4, 110.2, 95.9, 14.8, 14.5; HRMS (APCI+) Found: [M+H]+ 658.0798; molecular formula C32H24BF2IN3S requires [M+H]+ 658.0791.




2.2.11. Synthesis of 3-[(Benzo[d]Thiazol-2-yl)]-5-[(E)-2-[Tert-Butyl(4-(Phenyl)prop-2-yn-1-yl)Carbamate]vinyl)-8-Phenyl-BODIPY (5)


To a solution of compound 4 (10.5 mg, 0.02 mmol) in Et3N/benzene (1:1) (1 mL), N-BOC propargylamine (4.7 mg, 0.03 mmol) was added, followed by Pd(PPh3)4 (1.4 mg, 0.001 mmol). The reaction mixture was stirred at 80 °C. After 12 h, the reaction was complete (monitored by TLC), and the solvent was evaporated under reduced pressure. The residue was purified by FCC (elution solvent: DCM) to afford compound 5 as a purple solid (10 mg, 58% yield). Rf: 0.81 (DCM/MeOH 99:1); m.p. 230–232 °C (decomp.); 1H NMR (300 MHz, CDCl3): δ 8.11 (d, J = 7.3 Hz, 1H), 7.99 (d, J = 7.3 Hz, 1H), 7.77 (d, J = 16.0 Hz, 1H), 7.59–7.23 (m, 13H), 7.12 (s, 1H), 6.74 (s, 1H) 4.18 (bs, 2H), 1.59 (s, 3H), 1.48 (s, 12H); 13C NMR (75 MHz, CDCl3): δ 160.0, 159.2, 158.7, 156.5, 155.4, 153.1, 145.6, 144.7, 141.6, 140.3, 138.4, 136.0, 135.3, 134.7, 132.3 (2C), 129.5 (2C), 128.2 (2C), 127.9 (2C), 126.4, 125.7, 124.0, 123.7, 123.5, 121.7, 119.8, 119.7, 110.1, 87.8, 83.2, 80.25, 29.9, 28.5, 22.8, 15.1, 14.6; HRMS (APCI+) Found: [M+H]+ 685.2614; molecular formula C40H36O2N4BF2S requires [M+H]+ 685.2615.




2.2.12. Synthesis of 3-[(Benzo[d]Thiazol-2-yl)]-5-[(E)-2(4-(Phenyl)prop-2-yn-1-yl)Chloranimine]Vinyl)-8-Phenyl-BODIPY Hydrochloride (TC514)


Compound 5 (20 mg, 0.030 mmol) was dissolved in tetrahydrofuran (THF) (1 mL) containing 10% aqueous HCl solution (7.2 mL), and the reaction mixture was stirred at RT for 12 h. Upon completion of the reaction (monitored by TLC), the solvent was evaporated under reduced pressure. The residue was partitioned between diethyl ether (40 mL) and water, and the aqueous layer was extracted with diethyl ether (40 mL) and dried over anhydrous Na2SO4 and filtered. Dye TC514 fell out of the solution as a blue solid upon standing. The solid was filtered and dried under a high vacuum (10.0 mg, 54% yield). Rf: 0.58 (DCM/MeOH 8:2); m.p. 172–174 °C; 1H NMR (600 MHz, CDCl3): δ 8.15 (d, J = 8.1 Hz, 1H), 8.10 (d, J = 8.1 Hz, 1H), 7.77–7.56 (m, 11H), 7.44–7.43 (m, 2H), 7.11 (s, 1H), 7.08 (s, 1H), 4.08 (s, 2H), 1.53 (s, 3H), 1.47 (s, 3H); 13C NMR (150 MHz, CDCl3/CD3OD): δ 167.3, 158.8, 156.2, 152.8, 145.7, 144.1, 141.8, 140.4, 138.0, 136.8, 135.2, 134.4, 132.3 (2C), 129.5, 129.4 (2C), 128.0 (2C), 127.9 (2C), 126.4, 125.7, 123.4, 123.2, 122.1, 121.4, 119.9, 119.8, 110.0, 87.1, 81.6, 29.6, 14.8, 14.4; HRMS (APCI+) Found: [M]+ 585.2087; molecular formula C35H28N4BF2S requires [M]+ 585.2090.




2.2.13. Synthesis of 8-[(Benzo[d]Thiazol-2-yl)-BODIPY (6)


TFA (14 μL, 0.18 mmol) was added dropwise to a solution of benzothiazole-2-carboxaldehyde (300 mg, 1.8 mmol) and 2,4-dimethyl-1H-pyrrole (0.4 g, 4.6 mmol) in dry DCM (92 mL) at RT and the reaction mixture was stirred at the same temperature for 3 h. Then, the reaction was cooled to 0 °C with an ice bath, and a solution of DDQ (418 mg, 1.8 mmol) in dry DCM (62 mL) was added portion-wise over 1 h. The cooling bath was removed, the reaction was warmed to RT and Et3N (3.7 mL, 30 mmol) was added, followed by the addition of BF3∙Et2O (3.7 mL, 30 mmol) after 5 min. After stirring for 4 h, water (50 mL) was added to the reaction mixture. The organic layer was separated, diluted with DCM, washed with water (3 × 80 mL), dried over anhydrous Na2SO4, and concentrated under reduced pressure. The residue was purified by FCC (elution system: PE 40–60 °C/EtOAc 95:5) to afford compound 6 as an orange solid (68.6 mg, 10% yield). Rf: 0.46 (PE/EtOAc 9:1); m.p. 233–235 °C; 1H NMR (600 MHz, CDCl3): δ 8.17 (d, J = 8.0 Hz, 1H), 7.99 (d, J = 8.0 Hz, 1H), 7.60 (m, 1H), 7.53 (m, 1H), 6.02 (s, 2H), 2.57 (s, 6H), 1.51 (s, 6H); 13C NMR (75 MHz, CDCl3): δ 160.7, 157.8, 153.1, 143.1, 136.2, 131.5, 131.1, 126.9, 126.5, 124.3, 122.0, 121.9, 14.9, 13.7; HRMS (APCI+) Found: [M+H]+ 382.1354; molecular formula C20H19N3BF2S requires [M+H]+ 382.1355.




2.2.14. Synthesis of 3,5-bis[(E)2-(Benzo[d]Thiazol-2-yl)Vinyl-8-[(Benzo[d]Thiazol-2-yl)-BODIPY (TC516)


To a solution of 6 (44.4 mg, 0.12 mmol) in dry DMF (2.4 mL), benzothiazole-2-carboxaldehyde (78.4 mg, 0.48 mmol), glacial AcOH (4 drops) and piperidine (4 drops) were added sequentially. The resulting mixture was heated at 72 °C. After 10 min, the reaction was complete (the color turned from reddish to dark green, indicating the completion of the reaction), and the reaction mixture was concentrated under reduced pressure. The residue was purified by FCC (elution system: DCM/Hexane/MeOH 90:10:0.5) to afford dye TC516 as a light-green solid (9 mg, 11% yield). Rf: 0.30 (DCM/Hexane/MeOH 9:1:2 drops); m.p. 351–353 °C, 1H NMR (600 MHz, CDCl3): δ 8.21 (d, J = 8.1 Hz, 1H), 8.06 (d, J = 8.1 Hz, 2H), 8.04 (d, J = 8.0 Hz, 1H), 8.02 (d, J = 16.0 Hz, 2H), 7.93 (d, J = 7.9 Hz, 2H), 7.66–7.63 (m, 1H), 7.62 (d, J = 16.0 Hz, 2H), 7.59–7.55 (m, 1H), 7.51 (ddd, J = 8.1, 7.2, 1.3 Hz, 2H), 7.44 (ddd, J = 7.9, 7.2, 1.3 Hz, 2H), 6.77 (s, 2H), 1.63 (s, 6H); 13C NMR (150 MHz, CDCl3): δ 166.0, 160.0, 154.3, 153.1, 152.9, 143.3, 136.3, 135.4, 135.1, 130.5, 130.3, 127.2, 126.8, 126.3, 124.5, 124.1, 123.7, 122.1, 121.9, 119.9, 110.2, 14.1; HRMS (APCI+) Found: [M+H]+ 672.1326; molecular formula C36H25N5BF2S3 requires [M+H]+ 672.1328.





2.3. Computational Studies


All DFT calculations have been performed using the Gaussian 16 software [49]. Geometry optimizations at the ground and excited states were conducted with the M06-2X functional and the 6–31G* basis set, using the polarized continuum model in the integral equation formalism (IEFPCM) [50] to include the solvation effect of ethanol. Spectroscopic properties were computed at the time-dependent DFT (TD-DFT) level using the CAM-B3LYP functional and the 6–31G* basis set. Further details of the calculations and justifications for the choice of functional and basis set can be found in the SI. Orbital visualizations were conducted using GaussView 5 [51].




2.4. Cellular Assays


2.4.1. Cell Culture


Mouse primary NIH/3T3 fibroblasts obtained from ATCC (Manassas, VA, USA) were cultured in high glucose Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% Fetal bovine serum (FBS), 1% L-Glutamine and 1% Penicillin/Streptomycin at 37 °C and 5% CO2. Cells were seeded on 13 mm round glass coverslips pre-coated with a mixture of collagen (30 μg/mL) and gelatine (0.1% in ddH2O) at a confluency of 104 cells/mL and allowed to attach and spread for 24 h prior to staining and imaging studies.




2.4.2. Fluorescence Stability and Cellular Toxicity


Cells were incubated in phenol-free OptiMEMTM I reduced serum medium with the different compounds diluted in 1% DMSO/PBS at concentrations of 0.1 μM, 1 μM and 10 μM at 37 °C in a humidified incubator under sterile conditions for 30 min, 90 min and 24 h. The morphology of living cells was examined under a light ZEISS AxioObserver Z1 microscope using a 10x/0.3NA dry lens. Then, cells were washed three times in PBS and fixed in 4% Paraformaldehyde (PFA)/PBS for 10 min. Nuclei were stained by incubating the cells in 1% DAPI/PBS solution for 5 min. Coverslips were mounted in glass slides with Mowiol/DABCO mounting medium and imaged using a LEICA SP8X WLL confocal system equipped with a 63x/1.4NA oil objective.




2.4.3. Cellular Biodistribution


NIH3T3 fibroblasts were seeded on 13 mm coverslips in DMEM medium supplemented with 10% FBS, 1% L-Glutamine and 1% Penicillin/Streptomycin at 37 °C and 5% CO2 overnight, as described above. To examine the dye distribution in living cells, the different compounds diluted in 1% DMSO/PBS at concentrations of 0.1 μM, 1 μM and 10 μM were added to the cells in phenol-free OptiMEMTM I reduced serum medium and incubated for 15 min at 37 °C. After incubation, cells were washed three times in PBS, fixed in 4% PFA for 10 min and mounted on glass slides with Mowiol/DABCO mounting medium. Images were acquired on a LEICA SP8X WLL confocal system using a 63x/1.4NA objective. To assess the dye staining in fixed cells, cells seeded in coverslips as above were washed three times with PBS and fixed with 4% PFA for 10 min without permeabilization. Fixed cells were incubated with the compounds at the working concentration determined in live cell imaging for 5 min, co-stained with 1% DAPI/PBS solution and mounted on glass slides with Mowiol/DABCO mounting medium.



For co-staining studies with endocytosis and lysosomal markers, NIH/3T3 fibroblasts seeded on coverslips were incubated with the indicated compounds at a working concentration in phenol-free OptiMEMTM I reduced serum medium for the indicated times at 37 °C. Cells were washed three times in PBS, fixed with 4% PFA for 10 min and permeabilized with 0.2% TritonX/PBS for 5 min at RT. Following blocking with 5% bovine serum albumin (BSA)/PBS for 1 h at RT, cells were incubated with goat anti-EEA1 early endosomal marker (abcam, cat no: ab206860, 1:200) and human anti-Lamp2 lysosomal marker (novus biologicals, cat no: NBP2-22217, 1:100) primary antibodies diluted in 1% BSA/PBS overnight at 4 °C. Following three washes with PBS, incubations with donkey anti-goat Alexa647, goat anti-mouse Alexa488 (Thermo Fischer, cat no A21447, 1:500, cat no A11017, 1:500) secondary antibody in 1% BSA/PBS were carried out for 1 h at RT. Nuclei were stained with 1% DAPI/PBS, and Mowiol/DABCO mounting medium was used to mount the coverslips in slides. Images were acquired on a LEICA SP8X WLL confocal system using a 63x/1.4NA objective.




2.4.4. Confocal and Lambda Scan Imaging


Confocal imaging was carried out on a LEICA SP8X WLL confocal system using the Argon laser for excitation at 488 nm and the White light laser for excitation at appropriate wavelengths. All images were acquired with a 63x/1.4NA oil objective and visualized with Leica LASX and FiJi Imaging software. Each compound was excited at the appropriate wavelength (exc), and emission light (em) was collected as follows:




	
TC496: exc 545 nm, em 555–700 nm



	
TC497: exc 535 nm, em 545–640 nm



	
TC498: exc 568 nm, em 577–640 nm



	
TC500: exc 610 nm, em 620–700 nm



	
TC514: exc 590 nm, em 598–700 nm



	
TC516: exc 635 nm, em 655–710 nm








For the co-staining experiments, detection of the EEA1 signals was achieved by excitation at 649 nm and emission collection at 658–700 nm. Lamp2 signal was detected by excitation at 647 and emission collection at 655–700 nm.



To determine the excitation wavelength that excites each compound best, we collected images in lambda mode, i.e., Λ scans for the best excitation wavelength and λ scan for the emission spectrum. Representative images and plots exported via LASX Leica software.




2.4.5. Time-Lapse Live Imaging


NIH3T3 fibroblasts were seeded on 8-well T/C treated ibidi imaging chamber slides pre-coated with 0.1% gelatin and 10 μg/mL collagen I at a confluency of 104 per well in DMEM medium supplemented with 10% FBS, 1% L-Glutamine and 1% Penicillin/Streptomycin at 37 °C and 5% CO2. Following overnight incubation, the medium was changed to phenol-free OptiMEMTM I reduced serum medium, and the imaging chamber was transferred to the ZEISS AxioObserver Z1 microscope equipped with the live imaging chamber calibrated at 37 °C and 5% CO2. Image settings were set as follows: for TC514 exc 583–600 nm reflector (92HE DAPI/GFP/mCherry), emis 617–758 nm, exposure time: 200 ms; for TC498 exc 455–583 nm reflector (90HE DAPI/GFP/Cy3/Cy5), emis 579–604 nm and exposure time: 100 ms. Images were taken with zero intervals, using a 40x/1.3NA PinApo DICII oil lens. Compounds were added at time zero.






3. Results and Discussion


3.1. Chemistry


In the present study, we focused on the synthesis of a library of seven BZT-substituted BODIPYs with improved photophysical properties. Thus, modifications were carried out at the α, β and meso sites of 8-phenyl-BODIPY, aiming to further extend the π conjugation system across the BODIPY core (Figure 1). These changes induced a bathochromic shift of the absorption and emission maxima of the resulting dyes towards the red/near-infrared spectral range. Two modes of attachment of the BZT moiety on the BODIPY scaffold were envisioned (directly or via a styryl bridge) in combination with other aryl-substituted groups. In our effort to extend the π conjugation system, di- and tri-substituted analogs were also synthesized through a series of Knoevenagel condensations and carbon–carbon cross-coupling reactions such as Suzuki-Miyaura and Sonogashira reactions (Figure 4). Initially, the BZT group was introduced in 8-phenyl-BODIPY (1) at C3 (dye TC497). The reaction of 1 with PCC in EtOAc led to the mono-oxidation of the 3-methyl group to afford 3-formyl-8-phenyl-BODIPY (2) in 67% yield [52]. The aldehyde 2 was then reacted with 1,2-aminothiophenol in the presence of TsOH in anhydrous DMF at 72 °C to afford 3-benzothiazole-8-phenyl-BODIPY (TC497) in 52% yield [53] (Scheme 1). Subsequently, functionalization of TC497 at C6 was pursued to investigate the effect of additional substituents at this position of the 8-phenyl-BODIPY scaffold. Thus, the introduction of an iodo substituent at C6 was affected by the reaction of TC497 with iodide monochloride in a mixture of DMF/MeOH 1:1 at RT to afford 3 in 72% yield [54]. The position of the iodo group was confirmed by the disappearance of the signal corresponding to the C6 hydrogen in the 1HNMR spectrum of TC497, resonating at 6.23 ppm. The iodide (3) was used as a key intermediate and participated in cross-coupling reactions to extend the π-conjugation across the BODIPY system. Iodide 3 underwent a Pd-catalyzed Suzuki-Miyaura coupling reaction [55] using m-hydroxy phenyl, p-methoxy phenyl, or m-(trifluoromethyl) phenylboronic acid in the presence of tetrakis(triphenylphosphine)palladium(0) as the catalyst and potassium carbonate as the base in a mixture of toluene/ethanol/water 3:1:1, to afford dyes TC495 (71% yield), TC496 (52% yield) and TC498 (92% yield), respectively (Scheme 1).



Subsequently, TC497 was functionalized at C5 through the introduction of a substituted styryl moiety bearing an amino functionality as a hydrochloride salt to increase the aqueous solubility of the respective dye. Thus, Knoevenagel condensation [56] of TC497 with p-iodo-benzaldehyde in the presence of piperidine and glacial acetic acid at 72 °C led to compound 4 with a 31% yield. The trans stereochemistry of the vinyl group at C5 was confirmed by the coupling constant of the vinylic protons in the 1H NMR spectrum resonating at 7.78 ppm (d, J = 16.2 Hz, 1H) and 7.27 ppm (d, J = 16.2 Hz, 1H). Then, the introduction of a N-BOC propargyl amine in 4 was effected via a Sonogashira cross-coupling reaction [57] using tetrakis(triphenylphosphine)palladium(0) as a catalyst in the presence of triethylamine in dry benzene at 65 °C to afford compound 5 in 58% yield. Treatment of 5 with 5% aq. HCl in THF at RT [58] led to the corresponding hydrochloride salt of dye TC514 in a 67% yield (Scheme 2).



To further expand the structural diversity of our BZT-BODIPY derivatives, we introduced the BZT group through a vinyl spacer at positions C3 and C5 of 8-phenyl-BODIPY (1). Thus, Knoevenagel condensation of 8-phenyl-BODIPY (1) and benzothiazole-2-carboxaldehyde in the presence of piperidine and acetic acid in dry DMF at 72 °C afforded the symmetrical 3,5-disubstituted analog TC500 albeit in low yield (10%) (Scheme 3).



Finally, the 8-BZT-substituted congener of the symmetric dye TC500, dye TC516, was prepared to explore the effect of the three BZT groups on the optical properties. Thus, benzothiazole-2-carboxaldehyde was reacted with 2,4-dimethyl pyrrole in the presence of TFA, followed by oxidation with DDQ) and triethylamine-mediated boron chelation (BF3.Et2O) to afford 8-benzothiazolyl-BODIPY (6) (10% yield) [44]. Subsequently, the classical procedure for the Knoevenagel condensation, as previously described for the synthesis of dye TC500, yielded TC516 in an 11% yield (Scheme 4). All the intermediates and final dyes were characterized by NMR spectroscopy and mass spectrometry (see Experimental Section in Supplementary Materials).




3.2. Optical Properties


The optical properties, along with the photophysical data of the new BZT-substituted BODIPY derivatives in ethanol (2 × 10−6 M), are summarized in Figure 5 and Figure 6, Table 1 and Figures S22–S28 (ESI). 8-phenyl-BODIPY (1) was used as the control for comparison. In particular, the introduction of the BZT moiety directly attached at the C3 position red-shifted the maximum absorption wavelength of dye TC497 by 42 nm and the maximum emission wavelength by 52 nm (λabs: 541 nm and λemi: 560 nm), displaying a high quantum yield (φ = 0.73) significant molar extinction coefficient (ε = 54,400 M−1cm−1) and increased fluorescence lifetime (τ = 4.95 ns). Considering the π-substituents at C6, dyes TC495, TC496 and TC498, the maximum absorption and the emission peaks are shifted to longer wavelengths in comparison to TC497 (Figure 5). Dye TC496 bearing the electron donating (p-methoxy)phenyl substituent showed an enhanced bathochromic shift with λemi = 605 nm, with respect to the (m-trifluoromethyl)phenyl substituted TC498 (λemi = 580 nm) and the (m-hydroxy)phenyl substituted TC495 (λemi = 586 nm) (Figure 5). However, TC496 possessed the lowest fluorescence quantum yield (φ = 0.01) and molar extinction coefficient (ε = 16,600 M−1cm−1) among the C6-substituted dyes (Table 1). Thus, the introduction of an electron-donating group at the meta or para position of the C6-phenyl substituent induced a desirable bathochromic shift of the emission spectrum. However, these dyes possessed dramatically low quantum yields compared to that of TC498, bearing the electron-withdrawing CF3 group at the meta position (φ = 0.56 for TC498). Introduction of a styryl substituent at C5 of dye TC497 (dye TC514) red-shifted both absorption and emission maxima above 600 nm, at 612 nm and 629 nm, respectively. Dye TC514 has a relatively high fluorescence quantum yield (φ= 0.67), high fluorescence lifetime (τ = 4.59) and very good molar extinction coefficient (ε = 24,450 M−1cm−1). Moreover, TC500 and TC516, substituted at C3 and C5 by a vinyl-BZT moiety, displayed an even higher bathochromic shift of the fluorescence towards the near-infrared centered at 656 nm and 677 nm, respectively (Figure 6). Furthermore, the replacement of the 8-phenyl group in TC500 by the BZT moiety (dye 516) shifted further the maximum emission wavelength by 21 nm (λemi = 677 nm). However, both TC500 and TC516 exhibited moderate fluorescence quantum yields (φ = 0.36 and 0.31, respectively) and relatively small Stokes shifts of 9 nm and 7 nm, respectively.




3.3. Theoretical Calculations


(TD)DFT calculations (CAM-B3LYP/6–31G*) were performed to rationalize the spectroscopic properties of the newly synthesized derivatives (TC495, TC496, TC497, TC498, TC500, TC514 and TC516), together with 8-phenyl-BODIPY (1), which was used as a reference. The computed transition energies are in general agreement with the trends of the experimental values, although they are systematically overestimated (see Table S1, ESI). The computed frontier molecular orbitals and energies are shown in Figure 7. For all the compounds, the HOMOs are delocalized over the whole molecule, except the substituent at the meso-position (phenyl for TC495, TC496, TC497, TC498, TC500, TC514 and 8-phenyl- BODIPY (1), benzothiazolyl for TC516). The LUMOs, on the other hand, are more localized on the central BODIPY structure, which indicates a charge redistribution from the conjugated substituents to the BODIPY core. The extended π-conjugation system of TC495, TC496, TC497, TC498, TC500 and TC514, as compared to 8-phenyl-BODIPY (1), leads to smaller HOMO-LUMO energy gaps, EHL, and thus to smaller transition energies. The HOMO levels of the compounds with a benzothiazole substituent are only slightly changed in comparison with the parent molecule (1), while the ethenyl benzothiazole substituents at C3 and C5 of TC500 and TC516 led to a more pronounced destabilization of the HOMO levels, as well as a strong stabilization of the LUMO levels, which indicated a stronger interaction with the BODIPY core and led to the smallest transition energies thus, to even more red-shifted absorption and emission maxima among the seven molecules.



It is interesting to consider the optimized structures of all the compounds in the ground and the first excited state. Steric interactions between the methyl groups at positions 1 and 7 force the phenyl group at position 8 of compounds TC495–TC498, TC500, TC514 and 8-phenyl BODIPY (1) in both states into a conformation far out of the BOPIPY plane (torsional angle f3 > 70°, see Figure 8); the bulkier benzothiazolyl group in TC516 in the meso-position is fully perpendicular (f4 = 90°). Similarly, the 4-methoxy-phenyl group in TC496, the 3-hydroxy-phenyl group in TC495 and the 3-trifluoromethyl-phenyl in TC498 at position 6 are rotated out of the BODIPY plane to a substantial degree in both electronic states (−50° < f2 < −40°), as is the benzothiazolyl group of compounds TC495–TC498 and TC514 in the ground state, although to a smaller extent (f1 = 20–28°). The ethenyl benzothiazole substituents in TC500 and TC516, on the other hand, stay essentially planar both in S0 and S1 (4° < f5 < 8°), and the nearly planar p-conjugated framework with large substituents is reflected in their small transition energies.



Torsional angles f2–f5 do not change much in the relaxed excited state, although they are generally slightly smaller (~1–8°). Thus, they may not help to explain any trends in the Stokes shift. Torsional angle f1, on the other hand, decreases from 26–28° in S0 to 4–8° in the relaxed excited state S1. This indicates that a substantial geometry relaxation takes place in compounds containing a 1,3-benzothiazolyl group during the transition from the vertically excited Franck–Condon state, where the geometry still coincides with that in S0, to the relaxed S1 state, from which emission occurs. It has been shown [60] that an increased geometry relaxation in S1 correlates with an increased Stokes shift. The geometry relaxation in S1 is mainly determined by the change in the torsional angles describing the conformation of the large substituents, which explains why compounds with a benzothiazolyl substituent, i.e., TC495, TC496, TC497, and TC514 show a larger Stokes shift than TC500 and TC516, where no large scale geometry relaxation takes place (Table 1). We note that the quite large Stokes shift of compound TC497 may have larger error margins due to the very small quantum yield of the compound (φ = 0.01). We also note that much larger Stokes shifts associated with more substantial geometry relaxations in S1 have been reported in Ref. [50]. Thus, this may serve as a criterion to design compounds with larger Stokes shifts in the future.




3.4. Cell Biodistribution


The cellular localization of the newly synthesized compounds was studied in cultured NIH3T3 mouse primary fibroblasts in both live and fixed conditions. To determine the minimum concentration that is effective for cell staining, cultured cells were incubated with the new dyes diluted in 1% DMSO in PBS for 15 min at three different concentrations (0.1 μM, 1 μM and 10 μM). After incubation, the cells were washed with PBS and fixed with paraformaldehyde (PFA) for 10 min. Nuclei were stained by DAPI. Images were acquired in a confocal Leica SP8X WLL system at appropriate excitation wavelengths using the White Light Laser (WLL) and emission spectra. (Figure 9). The compound TC495 did not stain cells in all concentrations tested (0.1 μM, 1 μM and 10 μM). In contrast, the compounds TC496, TC497, TC498 and TC500 efficiently labeled cells at a concentration of 1 μM, while TC514 and TC516 displayed effective staining at a much lower concentration of 0.1 μM. Given that most of the available BODIPY probes are used at concentrations of 2 μM [61], these dyes displayed improved sensitivity. All six dyes showed both diffuse and dotty localization patterns within the cell (Figure 9).



Subsequently, to assess the fluorescence stability and the toxicity of each of the new dyes (TC495 was excluded, see above), fibroblasts were treated with the optimal concentrations for each BODIPY derivative (0.1 μM for TC514 and TC516 and 1 μM for TC496, TC497, TC498 and TC500) for longer incubation times. The time points tested were 30 min, 90 min and 24 h (Figure S29, ESI). The pka of TC514 was calculated to be 8.55. using the program ChemAxon Marvin Beans v.14.9.29 [62]. Since the pH of the OptiMemTM cell medium and the PBS is ~7.4–7.6, the dye was tested as the hydrochloride salt. All six compounds tested at the optimal concentrations exhibited no toxic effects since no alteration in cell physiology was observed by imaging and were fluorescence stable at all time points even after 24 h incubation time.



Given the similar cell behavior of all six new BODIPY derivatives, we selected dye TC514 to be further investigated because it exhibited efficient staining at a very low concentration (0.1 μM). First, we examined in detail the cellular localization of dye TC514. To assess whether it could stain the cell membrane, NIH3T3 fibroblasts were fixed for 10 min without permeabilization and then incubated with the dye for 5 min. TC514 displayed diffuse staining in fixed fibroblasts, labeling mainly the cell membrane (Figure 10). Similar to the dotty pattern observed after 15 min incubation of TC514 in living cells (Figure 9), 5 min incubation of TC514 was sufficient to stain vesicular structures (Figure 10), indicating internalization of the dye. Live imaging from time zero after compound addition confirmed the aforementioned properties of TC514.



Driven by the previous results, we set out to identify the specific localization of TC514. TC514 bearing a propargyl ammonium group attached at the para position of the 5-styryl phenyl ring could probably act as a recognition moiety for lysosomes. Thus, we then performed a co-staining experiment with the Lamp2 lysosome marker. Cells were incubated with compound TC514 for 30 min to enable efficient trafficking of the dye to lysosomes, fixed with PFA, permeabilized in 0.2% Triton X100 and co-stained with anti-Lamp2 antibody. No staining of lysosomes was observed (Figure S30, ESI), as the fluorescence signal of TC514 did not co-localize with that of Lamp 2.



Moreover, we wanted to explore whether TC514 could be used as a co-staining dye in fluorescence microscopy experiments. For this reason, Λ capital scan for the excitation and λ scan were acquired using a confocal microscope to find the best excitation and emission wavelengths, respectively. Λ scan displayed a broad excitation spectrum with several “optimum” excitation peaks (490 nm, 580 nm, 590 nm) (Figure S31, ESI). Subsequently, emission spectra were acquired when the dye was excited at 488 nm or 405 nm. TC514 excited at 488 nm gave fluorescence staining, while when excited at 405 nm, it gave only background staining (Figure S32, ESI). These results suggest that TC514 has limited use for co-staining experiments because it cannot be used together with the most widely used fluorophores excited at 488 nm or 633 nm. However, it can be a useful marker of the cell membrane and could be exploited in live cell imaging experiments.



Finally, we investigated the specific cellular localization of compound TC498 based on its narrow emission peak observed in the lambda imaging scans. NIH3T3 fibroblasts were fixed with PFA for 10 min and then incubated with TC498 (1 μM concentration) for 5 min without permeabilization. DAPI was used to stain the nuclei. Confocal imaging revealed a dotty localization pattern of TC498 in fixed cells, similar to living cell staining, indicating vesicular structures (Figure 11). These findings were further confirmed from live imaging from time zero after compound addition.



Prompted by these results, we then intended to identify the intracellular trafficking of dye TC498. We examined whether TC498 could localize at early endosomes and lysosomes. Live cells were incubated with the dye for 5 min at 37 °C and subsequently permeabilized and stained with EEA1, which is a marker of early endosomes. No co-localization of the TC498 fluorescent signal at the early endosomes was observed (Figure 12).



Then, live cells were incubated with the dye for 30 min at 37 °C before fixation, permeabilized and stained with Lamp2 lysosomal marker. The results showed that TC498 does not localize to lysosomes (Figure 12). Therefore, the dotty staining pattern could arise from association with specific cell membrane structures.



Next, we examined whether TC498 could be used as a co-staining dye. Λ capital scan and λ scan were performed in the confocal microscope. From the Λ scan, the best excitation wavelength for TC498 was at 568 nm. The scanning for the exact emission spectrum of the dye showed a specific emission peak at 584 nm when excited at 568 nm (Figure S32, ESI). To confirm that TC498 cannot emit at 488 nm or 405 nm and can be used as a co-staining marker, a lambda scan for TC498 was acquired when the dye was excited either at 488 nm or 405 nm. No signal other than background was observed at both wavelengths (Figure S33, ESI). Conclusively, TC498 could be used as a suitable marker for co-staining with dyes that are excited or emitting at 405, 488 or 633 nm.





4. Conclusions


In summary, we synthesized a library of novel BZT-substituted fluorophores based on the BODIPY platform. All the new dyes exhibited significant red-shifted absorption and emission maxima (ranging from 541 to 670 nm and 560 to 677 nm) compared to that of the parent 8-phenyl BODIPY (λabs: 499 nm, λemi: 508 nm), suitable Stokes shifts and moderate to high quantum yields. (TD)DFT calculations were carried out to corroborate the experimental spectroscopic findings through the investigation of electron distribution across the BODIPY core. Using fluorescence microscopy, we found that six out of the seven dyes efficiently stained mouse primary fibroblasts, namely TC496, TC497, TC498 and TC500 at a concentration of 1 μM, and TC514 and TC516 at a concentration of 0.1 μM. They showed both diffuse and dotty localization within the cell, with different staining patterns. The six dyes were non-toxic and fluorescently stable even after 24 h incubation of fibroblasts with the optimal dye concentration. Among them, TC498 was found to be a new promising candidate that could be applied for co-staining protocols with dyes that are excited or emitting at 405, 488 or 633 nm.
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Figure 1. Positions for the potential modifications on the BODIPY scaffold. 
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Figure 2. Structures of 2-(2-hydroxyphenyl) benzothiazole (HBT) and thiazole orange (TO). 
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Figure 3. Structures of known BZT-substituted BODIPY dyes. 
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Figure 4. Structures of the novel synthesized BZT-substituted BODIPY dyes of the present study. 
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Scheme 1. Synthesis of dyes TC495–TC498. 
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Scheme 2. Synthesis of dye TC514. 
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Scheme 3. Synthesis of dye TC500. 
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Scheme 4. Synthesis of dye TC516. 
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Figure 5. (A) UV-Vis electronic absorption spectra and (B) Photoluminescence spectra of solutions of dyes TC495–TC498 and the parent molecule 8-phenyl BODIPY (BDP) 1 in EtOH (concentration 2 × 10−6 M). 
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Figure 6. (A) UV-Vis electronic absorption spectra and (B) Photoluminescence spectra of solutions of dyes TC500, TC514 and TC516 and the parent molecule 8-phenyl BODIPY (BDP) 1 in EtOH (concentration 2 × 10−6 M). 
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Figure 7. Frontier molecular orbital profiles of compounds 1, TC495–TC498, TC500, TC514 and TC516 and their energy levels, EHOMO and ELUMO; EHL denotes the energy difference between the frontier orbitals. All energies in eV. 
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Figure 8. Selected dihedral angles of compounds TC496 and TC516 in the energy-optimized ground (S0) and excited state (S1). 
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Figure 9. BODIPY probes localization. The new dyes were tested for their cellular localization in concentrations of 1 μM for TC496, TC497, TC498 and TC500 and 0.1 μM for TC514 and TC516. Compounds were added to serum-free medium and incubated for 15 min at 37 °C. After incubation, cells were washed with PBS and fixed with PFA for 10 min. Images acquired in confocal Leica SP8 microscope. TC496 is illustrated in yellow, TC497 in orange, TC498 in dark red, TC500 in pink-red, TC514 in pink and TC516 in light purple color. Cell nuclei were stained by DAPI (in blue). Scale bars, 20 μm. 
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Figure 10. TC514 localization at the cell membrane and at subcellular vesicles. (A) TC514 was added in PFA-fixed cells for 5 min at 37 °C, cells washed and post-fixed for 10 min (B) TC514 was added in live cells for 5 min at 37 °C and then cells were washed with PBS and fixed with PFA for 10 min. Images acquired with confocal Leica SP8 microscope and illustrated in red color. The concentration used was 0.1 μM. Cell nuclei were stained by DAPI (in blue). Scale bars, 10 μm. 
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Figure 11. TC498 localization at cell membrane structures. (A) TC498 (1 μM) was added to PFA fixed cells for 5 min at 37 °C, cells were washed and post-fixed for 10 min (B) TC498 (1 μM) was added to live cells for 5 min at 37 °C and then cells were washed with PBS and fixed with PFA for 10 min. Images were acquired using a confocal Leica SP8 microscope and illustrated in red color. Cell nuclei were stained by DAPI (in blue). Scale bars, (A) 15 μm, (B) 20 μm. 
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Figure 12. TC498 co-staining with endocytic vesicle markers. (A). TC498 added to live cells for 5 min at 37 °C, cells washed, fixed in PFA for 10 min and stained with immunofluorescence with EEA1 illustrated in magenta. (B) TC498 was added in live cells for 15 min at 37 °C, and then cells washed with PBS, fixed with PFA for 10 min and stained for Lamp2 in magenta in both TC498 is observed in green color. Images acquired in confocal Leica SP8 microscope. Cell nuclei were stained by DAPI (in blue). Scale bars, 10 μm. 
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Table 1. Spectroscopic properties of the new dyes in EtOH (2 × 10−6 M).
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	Dye
	λabs a (nm)
	λem b (nm)
	Δλ c

(nm)
	Δʋ (cm−1)
	φ
	Fluorescence Lifetime

τ (ns)
	ε

(M−1cm−1)
	Brightness

(φ × ε)





	1
	499
	508
	9
	355
	0.61
	3.5
	55,500
	33,850



	TC495
	555
	586
	31
	954
	0.11 d
	1.58
	97,800
	10,758



	TC496
	555
	605
	50
	1490
	0.01 d
	0.39
	16,600
	166



	TC497
	541
	560
	19
	627
	0.73 d
	4.95
	54,400
	39,712



	TC498
	561
	580
	19
	584
	0.56 d
	4.82
	62,000
	34,720



	TC500
	647
	656
	9
	212
	0.36 d
	2.98
	28,750
	10,350



	TC514
	612
	629
	17
	442
	0.67 e
	4.59
	24,450
	16,382



	TC516
	670
	677
	7
	154
	0.31 e
	2.32
	34,150
	10,586







a λabs = longest wavelength absorption maximum; b λem = fluorescence maximum, when excited at absorption maximum; c Computed from λStokes = λemi − λabbs; d φ: fluorescence quantum yield was determined using rhodamine b as reference (φ = 50% in ethanol); e φ: fluorescence quantum yield was determined using cresyl violet as reference (φ = 56% in ethanol) [59].
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